Using previous measurements and quantum chemical calculations to derive the molecular properties of the TiH molecule, we obtain new values for its rovibrational constants, thermochemical data, spectral line lists, line strengths, and absorption opacities. Furthermore, we calculate the abundance of TiH in M and L dwarf atmospheres and conclude that it is much higher than previously thought. We find that the TiH/TiO ratio increases strongly with decreasing metallicity, and at high temperatures can exceed unity. We suggest that, particularly for subdwarf L and M dwarfs, spectral features of TiH near ∼0.52 µm , 0.94 µm , and in the H band may be more easily measureable than heretofore thought. The recent possible identification in the L subdwarf 2MASS J0532 of the 0.94 µm feature of TiH is in keeping with this expectation. We speculate that looking for TiH in other dwarfs and subdwarfs will shed light on the distinctive titanium chemistry of the atmospheres of substellar-mass objects and the dimmest stars.
INTRODUCTION
The discovery of the new spectroscopic classes L and T (Nakajima et al. 1995; Oppenheimer et al. 1995; Burgasser et al. 2000abc; Kirkpatrick et al. 1999 ) at lower effective temperatures, (T eff ), (2200 K→700 K) than those encountered in M dwarfs has necessitated the calculation (and recalculation) of thermochemical and spectroscopic data for the molecules that predominate in such cool atmospheres. At temperatures (T ) below 2500 K, a variety of molecules not dominant in traditional stellar atmospheres become important. Though a few molecules, such as TiO, VO, CO, and H 2 O, have been features of M dwarf studies for some time, for the study of L and T dwarfs, even for solar metallicities, the molecules CH 4 , FeH, CrH, CaH, and MgH take on increasingly important roles. The last four metal hydrides are particularly important in subdwarfs, for which the metallicity is significantly sub-solar. In subdwarf M dwarfs, the spectral signatures of "bimetallic" species such as TiO and VO weaken, while those of the "monometallic" hydrides, such as FeH, CaH, CrH, and MgH, increase in relative strength. This shift from metal oxides to metal hydrides in subdwarfs is an old story for M dwarfs, but recently, Burgasser et al. (2003) and Burgasser, Kirkpatrick & Lépine (2004) have discovered two L dwarf subdwarfs, 2MASS J05325346+8246465 and 2MASS J16262034+3925190, and this shift to hydrides is clear in them as well. In fact, Burgasser, Kirkpatrick & Lépine (2004) have recently tentatively identified titanium hydride (TiH) in 2MASS J0532 at ∼0.94 µm , a molecule that heretofore had not been seen in "stellar" atmospheres (see also Burgasser 2004) .
In support of L and T dwarf studies, we have an ongoing project to calculate line lists, line strengths, abundances, and opacities of metal hydrides. Burrows et al. (2002) and Dulick et al. (2003) have already published new calculations for CrH and FeH, respectively. With this paper, and in response to the recent detection of TiH in 2MASS J0532, we add to this list new spectroscopic, thermochemical, and absorption opacity calculations for TiH. In §2, we summarize the spectroscopic measurements we use to help constrain the spectroscopic constants of TiH. We continue in §3 with a discussion of the computational chemistry calculations we performed in conjunction with our analysis of the laboratory work on TiH. In §5, we calculate TiH abundances with the newly-derived thermochemical data and partition functions and find that the TiH abundances, while not high, are much higher than previous estimates. We also describe the updates to our general chemical abundance code that are most relevant to titanium chemistry. Section 6 describes how we use these lists to derive opacities at any temperature and pressure and §7 summarizes our general conclusions concerning these updated TiH ro-vibrational constants, abundances, and opacities.
SUMMARY OF SPECTROSCOPIC WORK
Although spectra of TiH have been available for several decades (Smith & Gaydon 1971) , major progress on the spectral assignment has been made only recently (Steimle et al. 1991; Launila & Lindgren 1996; . The spectrum of TiH was first observed by Smith and Gaydon in 1971 in a shock tube and a tentative 4 ∆ − 4 Φ assignment was proposed for a band near 530 nm (Smith & Gaydon 1971) . By comparing the TiH measurements (Smith & Gaydon 1971) with the spectra of α Ori, α Sco, and δ Vir, Yerle (1979) proposed that TiH was present in stellar photospheres. Yerle's tentative TiH assignments in these complex stellar spectra are very dubious.
The first high-resolution investigation of TiH was made by Steimle et al. (1991) who observed the laser excitation spectrum of the 530-nm band. After rotational analysis, this band was assigned as the 4 Γ 5/2 − X 4 Φ 3/2 sub-band of a 4 Γ − X 4 Φ transition. The spectrum of the 530-nm transition of TiH was later investigated by Launila and Lindgren (1996) by heating titanium metal in an atmosphere of about 250 Torr of hydrogen, and the spectra were recorded using a Fourier transform spectrometer. The assignment of the 530-nm system was confirmed as a 4 Γ − X 4 Φ transition by the rotational analysis of the four sub-bands of the 0-0 vibrational band. The spectrum of the analogous 4 Γ − X 4 Φ transition of TiD has recently been studied at high resolution using a Fourier transform spectrometer . TiD was also produced by heating titanium powder and 250 Torr of D 2 in a King furnace. The rotational analysis of the 4 Γ 7/2 − X 4 Φ 5/2 and 4 Γ 5/2 − X 4 Φ 3/2 sub-bands produced the first rotational constants for TiD .
In a more recent study, the spectra of TiH and TiD were observed in the near infrared using the Fourier transform spectrometer of the National Solar Observatory at the Kitt Peak. The molecules were produced in a titanium hollow cathode lamp by discharging a mixture of Ne and H 2 or D 2 gases. A new transition with complex rotational structure was observed near 938 nm and was assigned as a 4 Φ − X 4 Φ transition. The complexity of this transition is due to the presence of perturbations, as well as overlapping from another unassigned transition . The spectroscopic constants for the TiH and TiD states were obtained by rotational analysis of the 0-0 band of the four sub-bands.
In other experimental studies of TiH, a dissociation energy of 48.9±2.1 kcal mole −1 was obtained by Chen et al. (1991) using guided ion-beam mass spectrometry. The fundamental vibrational intervals of 1385.3 cm −1 for TiH and 1003.6 cm −1 for TiD were measured from matrix infrared absorption spectra (Chertihin & Andrews 1994) . The molecules were formed by the reaction of laser-ablated Ti atoms with H 2 or D 2 and were isolated in an argon matrix at 10 K.
There have been several previous theoretical investigations of TiH. Ab initio calculations for TiH and other first-row transition metal hydrides have been carried out by Walch and Bauschlicher (1983) , Chong et al. (1986) , and Anglada et al. (1990) . Spectroscopic properties of the ground states of the first row transition metal hydrides were predicted in these studies. Chong et al. (1986) and Anglada et al. (1990) have also calculated spectroscopic properties of some low-lying states. In a recent study the spectroscopic properties of the ground and some low-lying electronic states of TiH were computed by Koseki et al. (2002) by high level ab initio calculations that included spin-orbit coupling. The potential energy curves of low-lying states were calculated using both effective core potentials and all-electron approaches.
COMPUTATIONAL CHEMISTRY METHODS AND RESULTS
To supplement the sparse spectroscopic measurements summarized in §2, we calculate the spectroscopic constants, transition dipole moments, line strengths, and ro-vibrational constants of the TiH molecule using standard ab initio quantum chemical techniques. The orbitals of the TiH molecule are optimized using a state-averaged complete-active-space selfconsistent-field (SA-CASSCF) approach (Roos, Taylor & Siegbahn 1980) , with symmetry and equivalence restrictions imposed. Our initial choice for the active space include the Ti 3d, 4s, and 4p orbitals and the H 1s orbital. In C 2v symmetry, this active space corresponds to four a 1 , two b 1 , two b 2 , and one a 2 orbital, which is denoted (4221). Test calculations showed that this active space is much too small to study both the B 4 Γ−X 4 Φ and A 4 Φ−X 4 Φ systems simultaneously. In fact, no practical choice for the active space was found that allowed the study of both band systems simultaneously. Therefore, the two band systems are studied using separate calculations. For the B 4 Γ − X 4 Φ system, the (4221) active space is sufficient. In this series of calculations, two 4 ∆ states and one state each of 4 Π, 4 Φ, and 4 Γ are including in the SA procedure, with equal weight given to each state. In the A 4 Φ − X 4 Φ SA-CASSCF calculations, it was necessary to increase the active space, and our final choice is a (7222) active space that has two additional σ orbitals and one additional δ orbital, relative to the (4221) active space. Only the two 4 Φ states are included in the SA-CASSCF calculations for the A 4 Φ − X 4 Φ system.
More extensive correlation is included using the internally contracted multireference configuration interaction (IC-MRCI) approach (Werner & Knowles 1988; Knowles & Werner 1988) . All configurations from the CASSCF calculations are used as references in the IC-MRCI calculations. The valence calculations correlate the Ti 3d and 4s electrons and the H electron, while in the core+valence calculations the Ti 3s and 3p electrons are also correlated. The Ti 3s-and 3p-like orbitals are in the inactive space so they are doubly occupied in all reference configurations. The effect of higher excitations is accounted for using the multireference analogue of the Davidson correction (+Q) (Langhoff & Davidson 1974) . Since the IC-MRCI calculations are performed in C 2v symmetry, the ∆ and Γ states are in the same symmetry as are the Φ and Π states. Thus, for the B 4 Γ − X 4 Φ calculation, the IC-MRCI reference space included three roots of 4 A 1 symmetry and two roots of 4 B 1 symmetry. For the A 4 Φ − X 4 Φ system, the reference space includes four roots of 4 B 1 symmetry since there are two 4 Π states below the A 4 Φ state.
Scalar relativistic effects are accounted for using the Douglas-Kroll-Hess (DKH) approach (Hess 1986 ). For Ti we use the (21s16p9d4f3g1h)/[7s8p6d4f3g1h] quadruple zeta (QZ) 3s3p basis set (Bauschlicher 1999) , while for H we use the correlation-consistent polarized valence QZ set (Dunning 1989 ). The nonrelativistic contraction coefficients are replaced with those from DKH calculations. All calculations are performed with Mol-pro2002 (Werner & Knowles 2002 that is modified to compute the DKH integrals [C.W. Bauschlicher, unpublished] .
The transition dipole moments for the forbidden 4 Π-4 Γ and 4 Π-4 Φ transitions are close to zero. Therefore, we conclude that the states are quite pure despite the fact that the IC-MRCI calculations are performed in C 2v symmetry. We summarize the computed spectroscopic constants along with available experimental data Steimle et al. 1991; Launila & Lindgren 1996; Chertihin & Andrews 1994) in Table 1 . We do not include the (2) 4 ∆ state from the B 4 Γ − X 4 Φ calculation, since, based on the weight of the reference configurations in IC-MRCI calculations, this state is not well described by these calculations.
We first compare the results for the X 4 Φ state as a function of treatment. For the treatments that include only valence correlation, A 4 Φ − X 4 Φ and B 4 Γ − X 4 Φ calculations yield very similar results for the X 4 Φ state. When core correlation is included, there is a larger difference between the two sets of calculations. For example, note that the ω e values (see Table 1 ) which differ by 6.4 cm −1 at the valence level, differ by 19.7 cm −1 when core correlation is included. Our computed ω e values are significantly larger than the value assigned by Chertihin and Andrews (1994) to TiH in an Ar matrix. However, recently L. Andrews [personal communication] has suggested that their value is incorrect. The A 4 Φ − X 4 Φ core+valence treatment results in a small increase in the dipole moment, which is now in excellent agreement with experiment, while for the B 4 Γ − X 4 Φ treatment, the inclusion of core correlation leads to a significant decrease in size and a value that is significantly smaller than experiment. Using a finite field approach for the X state in the B 4 Γ − X 4 Φ core+valence treatment yields a value that is in better agreement with experiment, but is still 0.29 D too small. The A 4 Φ − X 4 Φ core+valence treatment yields the best agreement with experiment for the value of the Ti-H bond distance (r 0 ) of the X state, in addition to yielding the best dipole moment.
The core+valence treatment yields a better r 0 value for the A 4 Φ state, but the disagreement with experiment is larger than for the X state. The valence treatment yields a somewhat better term value (T 0 ), with both the valence and core+valence values being larger than experiment. The inclusion of core correlation improves the agreement with experiment for the r 0 value for the B 4 Γ state and also improves the agreement with the experimental T 0 . While the change in most ω e values with the inclusion of core correlation is small, the inclusion of core correlation leads to a sizable reduction in ω e for the A 4 Φ state. We observe a decrease in the dipole moments of the 4 Π, 4 ∆, and B 4 Γ states when core correlation is included, as found for the X state in the B 4 Γ − X 4 Φ treatment. As for the X state, the valence level dipole moment for the B 4 Γ state agrees better with experiment. We suspect that true values for the 4 Π and 4 ∆ states are closer to those obtained in the valence treatment than those obtained in the core+valence treatment.
While the dipole moments vary significantly when core correlation is included, the effect of including core correlation on the dipole transition moment is only up to about 3 percent in the Franck-Condon region for both transitions of interest. For the A 4 Φ − X 4 Φ transition, core correlation increases the moment, while for the B 4 Γ − X 4 Φ transition core correlation decreases the moment.
Given the limited experimental data it is difficult to definitively determine the best values for ω e , ω e x e , and the transition moment. On the basis of previous calculation on CrH (Bauschlicher et al. 2001; Burrows et al. 2002) and FeH (Dulick et al. 2003) , we feel that the calculations including the core+valence may yield superior values for all spectroscopic constants excluding the dipole moment, where the smaller active space used in the B 4 Γ − X 4 Φ calculations results in the valence treatment being superior for this property. For the X 4 Φ state, we believe the results obtained using the the A 4 Φ − X 4 Φ treatment are superior because it has a larger active space and fewer states in the SA procedure. We also note that for the A 4 Φ − X 4 Φ treatment, the X state dipole moment improves when core correlation is included, which also supports using the A 4 Φ − X 4 Φ treatment for the X state. In the the end, transition dipole moment functions computed at the core+valence level were used to generate the Einstein Table  2 . The radiative lifetime of the v = 0 level of the B state is calculated to be 24.6 ns, while the value for v = 0 of the A state is 302 ns.
LINE POSITIONS AND INTENSITIES
A common feature associated with the electronic structure of transition metal hydrides is that the excited electronic states are often heavily perturbed by unobserved neighboring states whereas the ground states are for the most part unperturbed. The X 4 Φ, A 4 Φ, and B 4 Γ states of TiH are no exception. Recent work on the analyses of high-resolution Fourier transform emission and laser excitation spectra of the A 4 Φ − X 4 Φ and et al. 1991; Launila & Lindgren 1996) 0 − 0 bands have finally yielded rotational assignments for the heavily perturbed A and B states.
As a prerequisite to calculating opacities for temperatures up to 2000 K, a synthesized spectrum was generated comprised of rovibrational line positions and Einstein A-values for quantum numbers up to v ′′ = v ′ = 5 and J ′′ = J ′ = 50.5. Because the only available experimental data for these states is for v = 0, we had to rely heavily on the ab inito calculations described above to supply the missing information on the vibrational structure.
The electronic coupling in the X, A, and B states is intermediate Hund's case (a) -(b) over a wide range of J. The case (a) Hamiltonians for the 4 Φ and 4 Γ states in Tables 3 and 4 , respectively, were selected for least-squares fitting of the experimental data. In determining the molecular constants for the X state, the reported rotational lines in were reduced to lower state combination differences, yielding the molecular constants listed in Table 5 . From these fitted constants, the X state term energies were calculated and then used in transforming the observed rotational lines in the A − X and B − X 0 − 0 bands into term energies for the A and B states. Molecular constants derived from fits of the A and B term energies are also listed in Table 5 .
Except for the X state, the centrifugal constants D 0 and H 0 were not statistically determined. Instead, these constants were held fixed in the fits of the A and B states to the values determined by the Dunham approximations,
where ξ = 2B v /ω e and estimated values for ω e and α e were supplied by our ab initio calculations (Table 6 ). The presence of an anomalously large e/f parity splitting in the A state, undoubtedly due to perturbations, required separate fits of the e-and f-parity term energies, yielding the two sets of molecular constants in Table 5 . Finally, the standard deviations from the fits, 0.031, 0.28, 0.16, and 1.18 cm −1 for the X, A(e), A(f), and B states are comparable in quality to 0.026 and 0.42 cm −1 for X and A ) and 0.020 and 0.573 cm −1 for X and B (Launila & Lingren 1996) with roughly the same number of data points and adjustable parameters.
The molecular constants for v > 0 were generated in a straightforward manner. With the ab initio estimates, ω e , ω e x e , ω e y e , α e , γ e , and ǫ e , for each state (Table 6) , the rotational constants for v > 0 were computed from
where the B e 's were determined from B 0 's, the centrifugal constants D v and H v from eq. (1), and the spin-component energies T v (Ω) by starting from the T 0 (Ω) values and recursively adding vibrational separations of
in which the dependence of A, λ, and γ on v was assumed to be negligible. The list of molecular constants in Table 6 were then used with the 4 Φ and 4 Γ Hamiltonians in computing the term energies from v = 0 to v = 5 for e/f rotational levels up to J = 50.5 for the X, A(e), A(f), and B states.
In our calculations the Einstein A-value is partitioned as Dulick et al. (2003) . Because the coupling in the X, A, and B states is intermediate Hund's case (a) -(b), the actual HLF factors were computed by starting from U † l TU u , where U l and U u are the eigenvectors obtained from the diagonalizations of the lower and upper state Hamiltonians and T is the electric-dipole transition matrix (cf., eq. (1) in Dulick et al. (2003) ). Squaring the matrix elements of U † l TU u yield the HLF's for intermediate coupling. In the absence of perturbations from neighboring states, as J becomes large, these intermediate HLF's asymptotically approach the pure Hund's case (b) values.
CHEMICAL ABUNDANCES OF TITANIUM HYDRIDE
In order to estimate the contribution TiH makes to M dwarf spectra, its abundance must be calculated. This is accomplished by minimizing the total free energy of the ensemble of species using the same methods as Sharp & Huebner (1990) and Burrows & Sharp (1999) (see Appendix A). To calculate the abundance of a particular species, its Gibbs free energy of formation from its constituent elements must be known. Using the new spectroscopic constants derived in §2 and §3, we have calculated for TiH this free energy and its associated partition function. In the case of TiH, its dissociation into its constituent elements can be written as the equilibrium TiH ⇋ Ti + H .
The Gibbs energy of formation is then calculated from eq. (A1) in Appendix A. Eq. (A1) is the general formula for obtaining the energy of formation of a gas-phase atomic or molecular species, be it charged or neutral.
Since the publication of Burrows & Sharp (1999) , we have upgraded our chemical database significantly with the inclusion of several additional titanium-bearing compounds, and have updated most of the thermochemical data for titanium-bearing species (Barin 1995 , in particular, have resulted in refined abundance estimates of TiO. We have obtained much better least-square fits to the free energy, and in nearly all cases the fitted polynomials agree to better than 10 cal mole −1 compared with the tabulated values in Barin (1995) over the fitted temperature range, which for condensates corresponds to their stability field. For computational efficiency we sometimes extrapolate the polynomial fits of eq. (A2) for the condensates beyond the temperature range in which they are stable, but we ensure that the extrapolation is in a direction that further decreases stability.
Since ionization plays a significant role at higher temperatures, a number of ionized species are included in the gas phase, including electrons as an additional "element" with a negative stoichiometric coefficient. The ions considered in our equilibrium code are e − , H + , H − , Li + , Na + , K + , Cs + , Mg + , Al + , Si + , Ti + , Fe + , H + 2 , H − 2 , OH + , CO + , NO + , N + 2 , N − 2 , and H 3 O + . Ions were not considered in the earlier work of Burrows and Sharp (1999) .
The partition function of TiH is obtained from the estimated spectroscopic constants in Tables 11 and 12 (data taken from Table 1 and Anglada et al. 1990 , or simply guessed). Table 11 lists 15 electronic states, with the quartet X 4 Φ ground state being resolved into each of the four separate spin substates. The partition function is calculated using the method of Dulick et al. (2003) . The contribution to the total partition function of each electronic state is determined using asymptotic approximations from the vibrational and rotational constants in Table 12 , then these contributions are summed according to eq. (6) in Dulick et al. (2003) , with the Boltzmann factor for the electronic energy being applied to each state, where the electronic energy of the lowest spin substate of the ground X electronic state is zero by definition. Since the separate electronic energies for the spin substates of the ground electronic state are available, the X state is treated as four separate states in the summation, so that effectively the sum is over 18 states. The partition function of titanium is obtained by summing over the term values below 20,000 cm −1 , with degeneracies as listed in Moore (1949) . The partition function of hydrogen is set to a value of 2 for all the tempertatures considered. Using the partition functions of TiH, Ti, and H in eq. (A1), ∆G(T ) is calculated at 100 K intervals over the temperature range required to compute the abundance of TiH, fitted to a polynomial, and then incorporated into our database.
The thermochemistry indicates that the most important species of titanium are TiO, TiO 2 , TiH, Ti, and Ti + . TiO 2 is always subdominant and Ti and Ti + are important only at higher temperatures than obtain in M, L, or T dwarf atmospheres. At solar metallicity, just before the first titanium-bearing condensate appears, TiO 2 replaces Ti as the second most abundant titanium-bearing species, reaching an abundance of ∼9%. Figure 1 depicts the dependence of the TiO and TiH abundances with temperature from 1500 K to 5000 K for a range of pressures (P ) from 10 −2 atmospheres to 10 2 atmospheres. This figure also shows the metallicity dependence of the TiO and TiH abundances. For solar metallicity, TiO dominates at low pressures below ∼4000 K and at high pressures below ∼4500 K, but the TiH abundances are not small. For solar metallicity, the TiH/TiO ratio at 10 −2 atmospheres and 2500 K is 10 −4 and at 10 2 atmospheres and 2500 K it is ∼10 −2 (one percent). The predominance of TiO before condensation, then its disappearance with condensation, matches the behavior seen in the M to L dwarf transition.
However, the abundance of TiO is a more strongly decreasing function of temperature than is that of TiH. For a given pressure, there is a temperature above which the TiH/TiO ratio actually goes above one. As Fig. 1 indicates, this transition temperature decreases with decreasing metallicity. For 0.01× solar metallicity and a pressure of 1 atmosphere, the TiH/TiO ratio hits unity at only ∼3500 K and at 10 2 atmospheres it does so near 2500 K. As a result, we expect that TiH will assume a more important role in low-metallicity subdwarfs than in "normal" dwarfs, with metallicities near solar. This fact is in keeping with the putative measurement of the TiH band near 0.94 µm ( §6) in the subdwarf 2MASS J0532.
As expected, the abundance of gas-phase species containing titanium drops rapidly when the first titanium-bearing condensates appear, which occurs for solar metallicity at temperatures between 2200 K and 1700 K for pressures of 10 2 and 10 −2 atmospheres, respectively (see Fig. 1 ). At solar metallicity, when titanium-bearing condensates form, the TiH abundance is already falling with decreasing temperature; at condensation its abundance is at least an order of magnitude down from its peak abundance. As Fig. 1 indicates, the TiH abundance is an increasing function of pressure, but assumes a peak, sometimes broad, between the for-mation of condensates at lower temperatures and the formation of atomic Ti/Ti + at higher temperatures.
The only significant previous study that included TiH is that of Hauschildt et al. (1997) . These authors present numerical data in the form of fractional abundances in the gas phase for a number of titanium-bearing species, including TiO and TiH, as a function of optical depth. Unfortunately, this makes comparison with our results difficult. Nevertheless, we can still see that for their two solar-metallicity models the maximum ratio of the abundance of TiH to TiO is smaller than we obtain, sometimes by large factors. For instance, for their T eff =2700 K model, at an optical depth of unity, their TiH abundance is over four orders of magnitude lower than that of TiO, and at an optical depth of 100, it is still down by three orders of magnitude. For their T eff =4000 K model at unit optical depth, their TiH abundance is below that of TiO by three orders of magnitude. These very low abundances are in sharp contrast to what we obtain at comparable T /P points (cf. Fig. 1 ).
On the other hand, we find at a temperature of 2700 K, a pressure of 100 atmospheres, and solar metallicity that the abundance of TiH is as high as ∼1.5% of that of TiO. At 1 atmosphere, this ratio has dropped by about a factor of 10, but is still about a factor of 10 larger than the corresponding ratio in Hauschildt et al. At a temperature of 4000 K, a pressure of 100 atmospheres, and solar metallicity, we obtain a TiH/TiO abundance ratio as large as ∼24%. Furthermore, as previously mentioned, we find that the TiH/TiO ratio can go above one and at low metallicities is above one for a wider temperature range. Even at temperatures where this ratio is significantly below one, we conclude that the TiH abundance derived with the new thermochemical data is much higher than previously estimated.
TITANIUM HYDRIDE ABSORPTION OPACITIES
Using the results of §2 and §3, we calculate the opacity of the two electronic systems A 4 Φ − X 4 Φ and B 4 Γ − X 4 Φ of TiH. These have band systems centered near 0.94 µm in the near IR and 0.53 µm in the visible, respectively. For the A − X system, 4556 vibrationrotation transitons are considered for each of the 20 vibrational bands v ′ − v ′′ with v ′ =0 to 4 and v ′′ =0 to 3, giving 91120 lines in total. For the B − X system, 4498 vibration-rotation transitions are incorporated for each of the 24 vibrational bands v ′ =0 to 3 and v ′′ =0 to 5, giving 107,952 lines in total.
We use the same methods to calculate the line strengths and broadening as in §5 of Dulick et al. (2003) , using the partition function of TiH from §5. Since broadening parameters for TiH are not available, those of FeH are used. In the absence of any other data, since TiH shares many characteristics with FeH, this is probably a reasonable assumption. A truncated Lorentzian profile is used, where the absorption in the wings of each line is truncated at min(25×P tot ,100) cm −1 on either side of the line center, P tot is the total gas pressure in atmospheres, and the detuning at which the absorption is set to zero does not exceed 100 cm −1 . To conserve the total line strength, the absorption in the part of the profile calculated is increased to account for the truncated wings. The reason for truncating the profiles is that we have no satisfactory theory to deal with the far wings of molecular lines, but we know that for atomic lines there is a rapid fall-off in the far wings, and, hence summise that a rapid fall-off is probably realistic. However, our choice of determining its location is rather arbitrary.
As with FeH, different isotopic versions are included in the calculations. The main isotope of Ti is 48 Ti, which makes up 73.8% of terrestrial titanium. The other isotopes of titanium are 46 Ti, 47 Ti, 49 Ti, and 50 Ti with isotopic abundances of 8%, 7.3%, 5.5%, and 5.4%, respectively. Using the same methods as Dulick et al. (2003) based on Herzberg (1950) , the shift in the energy levels, and, hence, the transition frequencies for the minor isotopic versions of TiH are calculated. As in the case of Dulick et al., the change in the line strength with isotope depends only on the isotopic fraction of Ti in that particular isotopic form, and effects due to changes in the partition function, Boltzmann factor, and instrinsic line strength are small, and so are neglected. Figure 2 shows the absorption opacity in cm 2 per TiH molecule (plotted in red) between a wavelength of 0.3 µm and 2.0 µm , at temperature/pressure points of 3000 K/10 atmospheres and 2000 K/1 atmosphere. For comparison, the H 2 O (blue) opacities per molecule at 3000K and 10 atmospheres are also shown. The approximate location of the photometric bands B, V , and R in the visible, and I, J, and H in the infrared are also indicated.
The absorption spectrum of TiH covering the region in the near infrared from ∼0.7 µm (the limit of the far visible red) to ∼1.95 µm , is due to the A − X electronic system, and the absorption between ∼0.43 µm and ∼0.7 µm in the visible is due to the B − X electronic system. The two electronic systems overlap at ∼0.7 µm . The strongest absorption in the A−X system corresponds to the ∆v=0 bands (0-0, 1-1, 2-2, etc.), the next strongest peaks at a shorter wavelength and corresponds to the ∆v=-1 bands (1-0, 2-1, 3-2, etc.), and the next strongest peaks at a longer wavelength and corresponds to the ∆v=1 bands (0-1, 1-2, 2-3, etc.). There is a similar structure for the B−X system. Many of the peak absorption features of TiH occur at about the same wavelengths as the peaks in absorption of TiO, which is more abundant. This is particularly obvious for the A − X system of TiH. Moreover, although the cross section per molecule of H 2 O is much less than that of TiH over most of the wavelength region, H 2 O is far more abundant, and the five peaks corresponding to the ∆v=-2, -1, 0, 1 and 2 sequence of bands for this A − X system of TiH match up approximately with peaks in the H 2 O absorption spectrum.
Therefore, because of the particular wavelength positions of the TiO and H 2 O absorption bands and the high abundances of the TiO and H 2 O molecules at solar metallicity, identifying TiH in a solar-metallicity M or L dwarf spectrum, while not impossible, is likely to be difficult. However, the TiH features are not completely obscured, in particular at ∼0.52 µm , ∼0.94 µm , and in the H band near 1.6 µm . The peak in the TiH absorption in the H band corresponds with a deep trough of the TiO absorption, and is close to a mininum in the H 2 O absorption. Therefore, in particular in subdwarfs with sub-solar metallicities, for which the abundances of metal hydrides come into their own visà vis metal oxides (Fig. 1) , spectral features of TiH in the H band and at 0.94 µm should emerge. The larger TiH abundances we derive in §5 also suggest this. The recent detection in the subdwarf L dwarf 2MASS J0532 by Burgasser, Kirkpatrick & Lépine (2004) of the TiH feature at 0.94 µm is in keeping with these expectations.
CONCLUSIONS
For the TiH molecule, we have combined ab initio calculations with spectroscopic measurements to derive new thermochemical data, new spectral line lists and oscillator strengths, its abundance (for a given composition, temperature, and pressure), and its per-molecule absorption opacities. We find that with the new partition functions, the abundance of TiH in M and L dwarf atmospheres is much higher than previously thought, that the TiH/TiO ratio increases strongly with decreasing metallicity, and that at high enough temperatures the TiH/TiO ratio can exceed unity. Furthermore, we conclude that, particularly for subdwarf L and M dwarfs, spectral features of TiH near 0.94 µm and in the H band may not be weak. The recent putative detection of the 0.94 µm feature in the L subdwarf 2MASS J0532 is encouraging in this regard and suggests that the detection of TiH in other dwarfs may shed light on their atmospheric titanium chemistry.
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A. FREE ENERGY OF A GAS-PHASE SPECIES
The Gibbs free energy of formation of any gas-phase species, relative to its constituent element or elements in their monatomic gaseous state, can be calculated if its spectroscopic data, and those of its constituent elements, are known. We start with the equilibrium
where Y represents an atomic or molecular species, and has the electric charge q, which is zero for a neutral species, X i represents the i-th element in Y , n i is the corresponding stoichiometric coefficient, j is the number of different elements in Y , and e − is the electron.
Based on a generalization of the Saha equation and the law of mass action, the following equation can be derived to obtain the Gibbs energy of formation of Y q :
where Q[Y q ] and Q[X i ] are the partition functions corresponding to Y q and the atoms X i , respectively, and E is the total energy (in wavenumbers) to fully dissociate a neutral molecule into its constituent atoms, if the species is a molecule. For a positive ion, the ionization potential (or, for a multiply charged positive ion, the sum of the ionization potentials) must be included in E. For a negative ion, the electron affinity must be subtracted from E. In addition, the total number of atoms in the molecule is N, and is given by j i=1 n i , i.e., the sum of the number of atoms of each element over the number of elements. The mass of the electron and the mass of the i-th element are m e and m i in amu, respectively, R, N A , and A o are the gas constant, Avogadro's number, and the standard atmosphere, respectively, and the other symbols have their usual meanings.
To be rigorously correct, for ions the molecular weight is corrected for the gain/loss in mass due to the addition/removal of electrons. For neutral monatomic species all terms on the right hand side of eq. (A1) cancel yielding zero, and the energy of formation for free electrons is zero by definition. For convenience, all the temperature-independent terms (after multiplying by −RT ) have been collected together, and depend only on the mass, the number of atoms, and charge of the species.
In order to incorporate the free energies into our existing database in a uniform way, eq. (A1) is calculated at 100 K intervals over the temperature range we are likely to use, then a polynomial fit of the form
is made. The lowest number of coefficients that make the best fit over the calculated range is adopted. The results for TiH using this procedure are a=-3.046×10 5 , b=-4.915×10 4 , c=2.325×10 1 , d=-1.568×10 −4 , and e=4.539×10 −8 for G(T ) in calories per mole.
In the case of diatomic neutral molecules, such as TiH, eq. (A1) simplifies by putting q = 0, N = 2, j = 2 and n 1 = n 2 = 1, and the appropriate partition functions for the molecule and the atoms are used. In addition, the energy E to fully dissociate the molecule is just the dissociation potential from the ground vibrational level of the ground electronic state, which for TiH is 2.08 eV, or 16776 cm −1 . This preprint was prepared with the AAS L A T E X macros v5.2. Launila & Lindgren (1996) . 
T (9/2) = T + 9A/2 + 2λ + 3γ 
T (11/2) = T + 6A + 2λ + 9γ/2 Fig. 1.- The log (base 10) of the number fractions of both TiH (solid) and TiO (dashed) as a function of temperature (T) from 1500 to 5000 Kelvin, for pressures from 10 −2 atmospheres to 10 2 atmospheres. The abundances of both species are given for solar metallicity (blue), 0.1× solar metallicity (green), and 0.01× solar metallicity (red). TiO generally dominates at lower temperatures, until titanium condensables, such as perovskite, form, after which the abundances of all titanium compounds decrease precipitously (left of diagram). The condensation temperature increases with increasing pressure. However, at high temperatures, TiH comes into its own and its abundance can exceed that of TiO. For a given pressure, the temperature above which the TiH/TiO ratio exceeds unity is an increasing function of metallicity, being at 10 2 atmospheres and solar metallicity ∼4500 K, but at 10 2 atmospheres and 0.01× solar metallicity ∼2500 K. As metallicity decreases, TiH becomes more and more important, though the abundances of both TiO and TiH decrease with metallicity. When the first titanium-bearing condensate appears, the abundance of TiH is already falling. Note that with increasing pressure the peak in TiH abundance shifts to higher temperatures more rapidly than the condensation temperature. The broad absorption of TiH with several peaks between ∼0.7 µm and ∼1.95 µm is due to the A − X electronic band system, and the absorption between ∼0.43 µm and ∼0.7 µm is due to the B − X electronic band system. See text for a detailed discussion.
